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The r le of the cardiac myocyte as a mediator of paracrine signaling 
in the heart has remained unclear. To address this issue, we 
generated mice with cardiac myocyte-specific deletion of the 
vascular endothelial growth factor gene, thereby producing a 
cardio myocyte-specific knockout of a secreted factor. The hearts of 
these mice had fewer coronary microvessels, thinned ventricular 
walls, depressed basal contractile function, induction of hypoxia- 
responsive genes involved in energy metabolism, and an abnormal 
response to ^-adrenergic stimulation. These findings establish the 
critical importance of cardiac myocyte-derived vascular endothelial 
growth factor in cardiac morphogenesis and determination of 
heart function. Further, they establish an adult murine model of 
hypovascular n on necrotic cardiac contractile dysfunction. 

Factors secreted by nonmuscle cells can have significant 
paracrine effects on cardiac myocytes (1-3). The critical 
importance of these effects on cardiac muscle is illustrated by the 
recent finding of stress-induced heart failure and cell death in 
mice lacking the gpl30 cytokine signaling pathway in the myo- 
cardium (4). Although the significance of paracrine signaling 
from nonmyocytes to myocytes in the heart now is established 
firmly, the relative importance of cardiomyocyte-derived factors 
as paracrine or autocrine effectors in the heart has remained 
unclear. Cardiac myocytes constitute two-thirds of total heart 
volume, thus secretion of factors from this cell population may 
be of considerable importance (5, 6). Moreover, alterations in 
cardiomyocyte-derived paracrine or autocrine signals, such as 
may occur in progressive heart failure or with myocyte loss 
secondary to myocardial infarction, may have important clinical 
repercussions. Cardiomyocyte-derived transforming growth fac- 
tor (TGF)-/31 and metalloproteinases, for example, could have 
marked effects on ventricular remodeling after myocardial injury 
(7, 8). Production of tumor necrosis factor (TNF)-a by cardio- 
myocytes can lead to cardiac pump failure with progressive 
fibrosis and cardiomyocyte apoptosis (9). Cardiomyocyte- 
derived factors may also play critical roles in the development, 
growth, and maintenance of the coronary vasculature. 

Using Cre-lox technology, we investigated the role of cardiac 
myocyte secretory function by generating mice with cardiomyo- 
cyte-specific deletion of exon 3 in the gene encoding vascular 
endothelial growth factor A (VEGF-A) (10, 11). This deletion 
results in the loss of all VEGF-A isoforms. These mice have 
reduced body weights and their hearts are thin-walled, dilated, 
hypovascular, and display definitive basal contractile dysfunc- 
tion. Furthermore, there is induction of hypoxia-responsive 
genes in the knockout (KO) hearts without evidence of myo- 
cardial necrosis or replacement fibrosis. Thus, we establish a 
critical role for the cardiac myocyte as a secretory cell, and 
determine that cardiac muscle is the major source of VEGF in 
the heart. Further, we demonstrate that a single gene defect in 
the heart can have significant effects on whole-body growth. 
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Finally, we describe the first adult murine model to our knowl- 
edge of coronary hypovascularization with chronic nonnecrotic 
contractile dysfunction. This model may prove valuable in the 
study of protein and gene therapy-based strategies to stimulate 
cardiac angiogenesis therapeutically. It also may prove valuable 
in the study of the molecular mechanisms underlying myocar- 
dial contractile dysfunction associated with chronic recurrent 
ischemia as occurs in patients with advanced coronary artery 
disease (12). 

Methods 

Generation and Characterization of Conditional KO Mice. "Floxing" 
of VEGF exon 3 was performed in embryonic stem cells by using 
a double-selection VEGF targeting vector (Fig. L4) (10). Re- 
sulting VEGF-LoxP mice were bred with knockin mice carrying 
the Cre-recombinase gene under control of the endogenous 
MLC2v promoter; directing Cre expression and consequent 
VEGF gene deletion to ventricular cardiac myocytes (4, 13). The 
offspring were genotyped as described (4, 10). Cardiac myocytes 
and nonmyocytes were isolated from KO and control hearts by 
collagenase digestion as described (4). VEGF gene deletion was 
documented by Southern blot analysis of EcoRI-digested 
genomic DNA from these cells by using a probe specific for the 
exon 1 region. 

In Vivo Characterization of Cardiac Function. MRI was performed at 
4.7 T in a 3 -cm quadrature volume coil. Mice were anesthetized 
with 1-1.5% isoflurane in 70/30 nitrous oxide/oxygen mixture 
with body temperature held at 36-37°C. Cine-FLASH imaging 
was used with 9—15 cine images per cycle; delay between frames 
was 11 ms. A scout long-axis view was used to guide short- axis 
imaging. Seven 1.0-mm short-axis slices covered the entire left 
ventricle. Echocardiography and hemodynamic assessment were 
performed as described (14, 15). Mice were age-matched for all 
functional studies. 

Analysis of Gene Expression. Expression of VEGFs A-C, placental 
growth factor, VEGF receptors Flk-1, FIt-1, and Flt-4, and 
additional genes with reported roles in angiogenesis, vascular 
remodeling, or the cellular hypoxic response, was quantitated at 
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Fig. 1. Cardiac myocyte-specific VEGF gene targeting. (A) VEGF-LoxP targeting vector (Upper) and resulting genomic allele after Cre-recombinase-mediated 
deletion of the neo cassette (Lower). Excision of exon 3 results in deletion of all known VE6F-A isoforms. (B) In situ hybridization in El 3.5 embryo demonstrating 
the restriction of MLC2v gene expression to ventricular cardiac myocytes. (0 Genotype frequencies from timed matings (on E13.5 and El 5.5 of embryonic 
development, and postnatal day 21). Expected representation of Cre + /VEGF-LoxP +/+ is 25% in all cases. (0) Body weight {Left) and heart weight/body weight 
ratios (HW/BW; Right) a\3 months. (£) Southern blot analysis of EcoRI-digested genomic DNA obtained from cardiac myocytes prepared bycollagenase digestion 
of VEGF-LoxP +/+ x Cre + and VEGF-LoxP +/+ x Cre" hearts. First lane, high-efficiency ftoxing out of VEGF exon 3 in VEGF-LoxP +/+ x Cre + cardiac myocytes resulting 
in a smaller feoRI genomic fragment (lower band); second lane, intact VEGF-A fcoRI genomic fragment (upper band) in control (VEGF-LoxP +/+ x Cre") cardiac 
myocytes. 



the mRNA level by using real-time reverse transcription-PCR 
(RT-PCR) analysis (16). RNA was isolated from frozen hearts 
of five control (VEGF-Lox +/+ , Cre") and five test mice (VEGF- 
Lox +/+ , Cre + ) by using the Stat 60 method (Tel-Test, Friends- 
wood, TX), and was purified on RNeasy quick-spin columns 
(Qiagen, Chatsworth, CA). Per reaction, 100 ng of total RNA 
was analyzed by using the RT-PCR kit from Perkin-Elmer 
following the manufacturer's instructions. Reactions were run in 
96-well plates in a model 7700 sequence detector (Applied 
Biosystems) and results were analyzed by using sequence 
detection software (Applied Biosystems). RT-PCR conditions 
were 30 min at 48°C, 10 min at 95°C, and 40 cycles of 30 s at 95°C 
and 90 s at 60°C. Relative RNA equivalents for each sample were 
obtained by standardizing to glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) levels. Each of the five samples per group 
was run in duplicates and the average relative RNA equivalents 
per sample pair was used for further analysis. Statistical analysis 
was performed by using ANOVA software (Abacus Concepts, 
Berkeley, CA). VEGF protein levels were evaluated in protein 
homogenates from control and cardiomyocyte-specific VEGF 
KO (cmVEGF-null) hearts by a sensitive ELISA method (Quan- 
tikine Immunoassay R&D Systems, Minneapolis). 

Immunohistochemistry, in Vivo Platelet-Endothelial Cell Adhesion 
Molecule (PECAM) Binding, in Situ Hybridization, Histology, and Mor- 
phometries. For histology, tissue was fixed in 4% paraformal- 
dehyde and paraffin-embedded. Sections were stained with 
hematoxylin and eosin, Gill's stain, or trichrome. For immuno- 
histochemistry, paraffin-embedded and frozen sections were 
used. VEGF immunostaining was performed with a monoclonal 
anti- VEGF-A antibody (R&D Systems). PECAM immuno- 
staining was performed on acetone-fixed sections by using a rat 
anti-mouse monoclonal antibody (PharMingen). Capillary 
counts were obtained by counting 10 separate high-power fields 
per section and comparing counts to the number of nuclei in the 
same fields. For in vivo PECAM binding studies, a validated 
method was used (17). Briefly, a monoclonal antibody against 
PECAM- 1 was radiolabeled with 125 I and administered system- 
ically to control and cmVEGF-null mice via tail-vein injection. 
Labeled antibody was allowed to circulate and bind for 30 min. 
Mice were then killed and tissue was collected for well counting 



and protein quantitation. In situ hybridization was performed on 
paraffin-embedded sections by using an 35 S-labeled probe for 
mouse MLC2v. Microfil polymer casts (Flow Tech, Carver, MA) 
of the coronary vasculature were made by retrograde aortic 
perfusion at constant pressure on a modified Langendorf apparatus 
after maximal vasodilation with intravascular nitroglycerin. 

Results 

Generation of cmVEGF-Null Mice. By using double- selection gene 
targeting in embryonic stem cells, we created mice with LoxP 
sites inserted into intron sequences flanking exon 3 of the 
VEGF-A gene (Fig. I A) (10). In a previous study, targeting of 
this exon to achieve a global KO resulted in efficient VEGF-A 
gene deletion without production of a secreted dominant- 
negative truncation peptide (18). Cardiac myocyte-specific 
VEGF gene deletion was accomplished by mating VEGF-loxP 
mice with myosin light chain 2v (MLC2v)-Cre mice that direct 
Cre expression specifically to ventricular cardiomyocytes (Fig. 
IB) (4, 13). Genotype analysis of offspring revealed viable 
homozygous cmVEGF-null mice, but at a 40% lower than 
expected gene frequency. This finding demonstrated that selec- 
tive deletion of the VEGF-A gene from cardiac myocytes could 
cause variable embryonic lethality. Timed matings revealed 
expected genotype ratios at embryonic day (E)12.5 but signifi- 
cant embryonic lethality was apparent by E15.5 (Fig. 1C). 
Liveborn cmVEGF-null mice appeared healthy with normal 
postnatal survival into adulthood but had lower body weights 
than control litter mates: females, 21.5 ± 0.270 vs. 24.2 ± 0.675 
g,P = 0.008, n = 5; males, 28.0 ± 1.3 vs. 32.6 ± 0.952 g,P = 0.01, 
n = 5. Adult heart weight/body weight ratios also were reduced 
in the KOs: 0.482 ± 0.021 vs. 0.574 ± 0.033 g, P = 0.04, n = 5 
(Fig. ID), cm VEGF gene deletion was documented by Southern 
blot analysis of cardiac myocyte DNA extracted from control and 
cmVEGF-null hearts (Fig. IE). Nonmyocyte DNA from the KO 
mice demonstrated no evidence of gene deletion, whereas 
cardiomyocyte DNA consistently demonstrated 85-90% effi- 
ciency deletion of VEGF exon 3. These data establish the 
efficiency of MLC2v-Cre-directed VEGF deletion specifically in 
cardiomyocytes, and are consistent with previous work estab- 
lishing cardiomyocyte-specific excision of LoxP-f lanked genes by 
MLC2v-Cre (4). 
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Fig. 2. Morphometry and function of cmVEGF-null hearts. (A) Hematoxylin 
and eosin staining of El 3.5 myocardium from cmVEGF-null (Right) and control 
(Left) hearts demonstrating no differences in myocyte organization and mor- 
phometry. (B) Ventricular thinning in cmVEGF-null mice. Whole mount sec- 
tions of control (Left) and cmVEGF-null (Right) hearts obtained from El 3.5 
embryos. (Q Magnetic resonance determination of heart function. Cardiac 
output per body weight (BW) (left) and percent ejection fraction under basal 
conditions and with ^adrenergic stimulation (dobutamine) (right). (D) He- 
modynamic responses to ^-adrenergic stimulation with graduated doses of 
dobutamine. Rate of rise of left ventricular pressure during systole (+dP/dt in 
mmHg/sec; *, P = 0.01 and t, P = 0.09) (Left). Peak developed left ventricular 
pressure in mmHg (*, P < 0.05; t, P - 0.07; and %, P < 0.001 relative to peak 
pressure at 0.75-jtg dobutamine dose) (Right). 

Ventricular Thinning, Dilation, and Diminished Contractile Function in 
cmVEGF-Null Hearts. Embryos were dissected after timed matings 
to investigate the morphology of cmVEGF-null hearts before 
embryonic lethality and resorption. Histologic examination of 
sections from El 3. 5 embryos revealed no differences in myocyte 
size or shape and no basic alterations in myocardial architecture 
(Fig. 24). At E13.5, analysis of Gill's stained sections revealed 
thinning of the ventricular wall in cmVEGF-null hearts as 
compared with control embryos from the same gestation (Fig. 
2B). This finding was variable at this gestational age, and was 
investigated further in age-matched adult mice by using two- 
dimensional and M-mode echocardiography, which revealed 
significant diastolic and systolic thinning of the septum and 
posterior free wall of the left ventricle in cmVEGF-null hearts 
(Table 1). These data remained highly significant when adjusted 
for heart size by using the ventricular end-diastolic diameter as 
a reference. Echocardiograms also revealed significant dilation 
of cmVEGF-null hearts relative to body weight. Thus, cardiac 
myocyte-specific deletion of VEGF results in a dilated thin- 
walled adult heart. Although this morphometric phenotype is 
consistent with that of an ischemic cardiomyopathy, histologic 



Table 1. Echocardiography analysis of cardiac morphometry 
and function 



Measurement 


cmVEGF-null (n = 8) 


Control (n = 10) 


LVEDD/BW 


0.16 ± 0.02* 


0.13 ± 0.02 


SEPth, mm 


0.61 ± 0.09* 


0.75 ± 0.11 


PWth, mm 


0.86 ± 0.17* 


1.07 ± 0.16 


SEPth/EDD 


0.16 ± 0.03* 


0.19 ± 0.02 


PWth/ ED D 


0.15 ± 0.03* 


0.19 ± 0.02 


FS, % 


22.4 ± 5.1 * 


30.8 ± 4.7 


Mean Vcf, circ/sec 


4.01 ± 0.95* 


5.31 ± 1.14 


HR, beat/min 


383 ± 72 


406 ± 66 



LVEDD, left ventricular end-diastolic dimension; BW, body weight; SEPth, 
septal- wall thickness; PWth, posterior-wall thickness; mean Vcf, mean velocity 
of circumferential fiber shortening in circumference per sec; FS, percent 
fractional shortening calculated as [(LVEDD - LV end systolic dimension)/ 
LVEDD] X 100; HR, heart rate. *, P = 0.01, t, P < 0.005, t, P = 0.02. 



examination revealed no evidence of cardiomyocyte necrosis or 
myocardial fibrosis. Morphometric analysis of the adult heart did 
not reveal valve lesions, evidence of anatomic shunts, or any 
differences in cardiac trabeculations. Terminal deoxynucleoti- 
dyltransferase-mediated dUTP end labeling (TUNEL) staining 
was negative, indicating no evidence of ongoing apoptosis in the 
thinned myocardium but not precluding the possible contribu- 
tion of an apoptotic mechanism in the pathogenesis of ventric- 
ular thinning (data not shown). 

The effects of cardiomyocyte VEGF gene deletion on con- 
tractile function were assessed by echocardiography, MRI, and 
high-fidelity catheter-based hemodynamic evaluation. Baseline 
echocardiography performed on unstressed hearts revealed sig- 
nificant reductions of percent fractional shortening and the 
velocity of circumferential shortening in cmVEGF-null mice 
(Table 1). MRI demonstrated a reduced ejection fraction: 46.8 ± 
1.8% vs. 62.3 ± 0.3%; P < 0.001 and low cardiac output/body 
weight: 0.385 ± 0.025 vs. 0.537 ± 0.019; P = 0.006 in cmVEGF- 
null hearts (n = 5 for all groups), providing clear documentation 
of basal cardiac pump dysfunction. ^-Adrenergic stimulation 
with dobutamine improved ejection fraction in both KO and 
control hearts, but the relative reduction in cmVEGF-null hearts 
remained significant: 72.4 ± 1.5 vs. 82.0 ± 2.6%, P < 0.01, n = 
5 (Fig. 2C). Catheter-based hemodynamic assessment at baseline 
and with increasing doses of dobutamine demonstrated a sig- 
nificant reduction of graduated contractile response in cm- 
VEGF-null hearts. At higher levels of j3-adrenergic stimulation, 
the rate of rise of left ventricular pressure during systole 
(+dP/di) was reduced relative to controls, and demonstrated a 
plateau beyond which increasing the dose of dobutamine had no 
positive effect on contractility. cmVEGF-null mice also demon- 
strated a significant fall in peak developed blood pressure at 
higher dobutamine doses (Fig. 2D). These changes are not 
attributable to the MLC2v-Cre background, as extensive previ- 
ous assessment of MLC2v-Cre mice revealed no basal or induc- 
ible abnormalities in cardiac morphometry or function as a 
consequence of the Cre cassette (13). Also, assessment of 
cm VEGF heterozygous KOs revealed no significant differences 
in morphometry or function relative to controls (data not 
shown). 

Global Reduction in VEGF-A and Vascularity in cmVEGF-Null Hearts. To 

assess the impact of cardiomyocyte-specific VEGF gene deletion 
on total VEGF levels in the heart, real-time quantitative RT- 
PCR was performed on RNA extracted from whole hearts. 
Remarkably, there was a 6-fold reduction of VEGF mRNA in 
the cmVEGF-null hearts, indicating that cardiac myocytes are 
the major source of VEGF in the heart: 0.28 ± 0.08 vs. 1.71 ± 
0.13 relative units; P = 0.004; n = 5 per group (Fig. 3/4). VEGF 
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Fig. 3. VEGF expression, vascularization, and hypoxic gene induction in 
cmVEGF-null hearts. (A) Quantitative real-time RT-PCR determination of VEGF 
mRNA (relative units). (S) PECAM-stained microvessels/ myocyte nuclei (aver- 
age count, 10 high-power fields per section). (Q In vivo 125 l-labeled anti- 
PECAM antibody binding (expressed as /ng of antibody per g of tissue). (D) 
Quantitative RT-PCR of cardiac mRNA for Tie- 1 (relative units). (£) Polymer cast 
of coronary vasculature demonstrating normal macrovessel morphometry. 



protein expression was undetectable by a sensitive ELISA 
method in the cmVEGF-null hearts, as compared with 11.25 ± 
3.37 pg/mg tissue in the wild-type hearts. Immunostaining with 
an anti-VEGF antibody demonstrated diffuse staining in control 
myocardium. There was a markedly reduced intensity of VEGF 
immunostaining in the myocardium of cmVEGF-null hearts that 
was generally homogeneous, with occasional areas of increased 
immunoreactivity (not shown). 

To determine the effects of cardiomyocyte-specific VEGF 
deletion on cardiac vascularization, we performed PECAM 
immunohistochemistry and RT-PCR for endothelial cell mark- 
ers, and measured in vivo radiolabeled PECAM binding. Cap- 
illary density was significantly diminished in cmVEGF-null 
hearts, as was the capillary to myocyte nuclei ratio: 0.56 ± 0.03 
vs. 0.94 ± 0.04; P = 0.001; n = 4 per group; 10 high-powered 
fields per section (Fig. 3B). Corroborative studies demonstrated 
reduced in vivo binding of radiolabeled anti-PECAM antibody in 
cmVEGF-null hearts: 1.245 ± 0.119 vs. 1.646 ± 0.104 /ig of 
antibody per g of tissue; P - 0.003; n - 5. Conversely, no 
reductions in antibody binding were seen on analysis of tissue 
from kidney or upper and lower extremities (Fig. 3C). Consistent 
with the PECAM data, RT-PCR demonstrated a reduction in 
Tie-1 mRNA in cmVEGF-null hearts indicative of a generalized 
reduction in endothelial cells: 4.4 ± 0.65 vs. 7.5 ± 0.7 relative 
units; P = 0.01; n = 5 (Fig. 3D). Immunostaining for smooth 
muscle cell a-actin did not reveal perceptible differences in the 
number of larger coronary vessels (data not shown). To inves- 
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Fig. 4. Induction of hypoxia-responsive genes and alterations of gene- 
expression profile in cmVEGF-null hearts. {A) Increased expression of hypoxia- 
responsive genes, Glut-1 and LDH-A, in cmVEGF-null hearts (quantitative 
RT-PCR expressed in relative units). (B) Relative mRNA levels in cmVEGF-null 
hearts expressed as percent change from control (% change = [(cmVEGF - 
control)/control]-100; n = 5 for both groups). EPO, erythropoietin; TNF, tumor 
necrosis factor; TNFRp55-p75, TNF receptors; TSP1-4, thrombospondins; 
TACE, tumor necrosis factor a convertase; Ang-1-5, angiopoietins); HGF, 
hepatocyte growth factor; Tie-1, Tie-2, Flkl, Fltl, and Flt4, vascular tyrosine 
kinase receptors. *,P< 0.05; **,P< 0.005. 



tigate the effects of cardiomyocyte VEGF deletion on general 
coronary artery patterning and large-vessel distribution, hearts 
from control and cmVEGF-null mice were perfused with a 
synthetic polymer to create vascular casts that were then ana- 
lyzed with high-resolution stereomicroscopy. Although there 
were natural variations in coronary anatomy among all of the 
animals, there were no consistent differences in branching or 
patterning of larger coronary vessels correlating with genotype 
(Fig. 3E). Cardiac myocyte-restricted deletion of the VEGF- A 
gene thus leads to a marked reduction in heart VEGF expres- 
sion, resulting in a significantly diminished coronary microvas- 
culature with preservation of the coronary macrovasculature. 

Altered Gene-Expression Profile in cmVEGF-Null Hearts. Despite the 
absence of apparent cardiomyocyte necrosis or cardiac fibrosis, 
cmVEGF-null hearts exhibit significant baseline contractile dys- 
function. Given the relative hypovascularity of these hearts, this 
dysfunction could reasonably be attributed to myocardial isch- 
emia. To address this possibility, we analyzed the expression of 
representative ischemia-responsive genes in KO and control 
hearts. The promoters for Glut-1 and lactate dehydrogenase A 
(LDH-A) contain a hypoxia response element that binds the 
hypoxia-inducible factor (HIF)-la, resulting in transcriptional 
up-regulation (19, 20). Quantitative RT-PCR revealed signifi- 
cantly increased expression of the Glut-1 glucose transporter and 
the glycolytic enzyme LDH-A in cmVEGF-null hearts, consis- 
tent with a switch in myocardial energy metabolism: Glut-1, 
13.90 ± 2.61 vs. 7.11 ± 0.847 relative units, P ~ 0.038; LDH-A, 
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14.72 ± 4.38 vs. 4.61 ± 1.13 relative units, P = 0.047 (Fig. 44). 
These data support a role for ischemia in the basal left ventric- 
ular pump dysfunction noted in the KO hearts. 

To further define the effects of cardiomyocyte-specific 
VEGF-A deletion on gene-expression profiles in the heart, 
relative expression levels of genes with purported roles in 
angiogenesis, vascular remodeling, or the cellular hypoxic re- 
sponse were determined by quantitative RT-PCR. Interestingly, 
there were no compensatory increases in mRNA levels for 
VEGF-B and -C, and there was a significant reduction in the 
relative expression of placental growth factor (40% decrease 
from basal; P < 0.005). There was a significant increase in 
angiopoietin 3 (200% increase; P < 0.05), and an increase in 
transforming growth factor ]31 that trended toward but did not 
reach significance. VEGF-C receptor Flt-4 was reduced (60% 
decrease; P < 0.05), and there was a 65% reduction in VEGF 
receptor Flk-1 that did not reach significance (P = 0.12). VEGF 
receptor Flt-1 was not reduced in cmVEGF-null hearts nor was 
the Tie-2 tyrosine kinase receptor, both of which contain hypoxia 
response elements in their promoters. Results for these and 
additional relevant genes are shown graphically (Fig. 4B). 

Discussion 

In these studies, we describe to our knowledge the first cardiac- 
specific KO of a secreted factor, and reveal a critical role of the 
cardiac myocyte as a secretory cell and paracrine effector. 
Specifically, we establish a crucial requirement for cardiac 
myocyte-derived VEGF in development of the coronary micro- 
vasculature and document that developmental deletion of car- 
diac myocyte VEGF results in contractile dysfunction of the 
adult heart. Cardiac myocytes represent less than one-third of 
the total cell number in the heart, yet we demonstrate a 6-fold 
reduction of VEGF expression in cmVEGF-null hearts. This 
finding indicates that nonmyocytes, although present in greater 
number, cannot fully compensate for the loss of cardiomyocyte- 
derived VEGF. This dependence on cardiac myocyte secretory 
function may have significant clinical implications. It is conceiv- 
able that loss of cardiac myocytes caused by infarction or other 
causes may significantly alter myocardial paracrine signaling and 
have effects beyond those attributable purely to the loss of 
contractile elements. Despite acute induction of VEGF expres- 
sion in the periinfarct zone, chronic regional reductions in 
cardiomyocyte-derived VEGF (or other growth factors) might 
negatively influence postinfarction ventricular remodeling or 
contribute to the pathophysiology of progressive ischemic myo- 
cardial dysfunction (21). This is an important consideration that 
may support an expanded role for the use of growth factors 
therapeutically in ischemic heart disease. 

Stimulated therapeutic angiogenesis to treat ischemic heart 
disease has been shown to be feasible in animal studies and is 
being tested in clinical trials (22-24). A variety of diverse 
approaches for delivering angiogenic genes or proteins to the 
heart are being investigated. The data we present here demon- 
strate the importance of local angiogenic factor concentration as 
a determinant of angiogenic effect, and lend support to strategies 
predicated on local delivery of angiogenic proteins or genes to 
the myocardium. Such considerations could have significant 
implications regarding the route of therapeutic administration of 
angiogenic factors. 

cmVEGF-null hearts have diminished contractile function at 
rest. The etiology of this basal contractile dysfunction is not 
entirely clear. One explanation is ischemic myocardial dysfunc- 
tion based on hypoperfusion. We have shown that cmVEGF-null 
hearts are hypovascular at the microvessel level and exhibit basal 
induction of the hypoxia-responsive genes Glut-1 and LDH-A. 
The VEGF receptor Flt-1 and the Tie-2 receptor are inducible 
by hypoxia. Expression of these receptors is not decreased in 
cmVEGF-null hearts despite a significant reduction of endothe- 



lial cell number. This finding is consistent with increased ex- 
pression of Flt-1 and Tie-2 on individual endothelial cells and can 
be construed as further evidence of hypoxic induction in the 
cmVEGF-null hearts, as can the increase noted in erythropoietin 
expression. Assuming that the cardiac dysfunction in cmVEGF- 
null mice is ischemia related, the mechanism of ischemic dys- 
function must be considered. Severe prolonged myocardial 
ischemia leads to cardiomyocyte necrosis with cardiac dysfunc- 
tion on the basis of reduced myocardial mass. Chronic recurrent 
ischemia of a milder degree can lead to contractile dysfunction 
without myocyte necrosis — a phenomenon that can be caused by 
prolonged "stunning" or the development of "hibernating myo- 
cardium" (25, 26). cmVEGF-null hearts do not exhibit evidence 
of necrosis or replacement fibrosis. The observed left ventricular 
pump dysfunction in these hearts may thus be a form of 
myocardial stunning or hibernation, similar to that seen in some 
patients with advanced coronary artery disease (12, 25). In this 
scenario, adaptive molecular events that make the cardiomyo- 
cyte less susceptible to ischemia also lead to reduced contractile 
function, although the molecular alterations associated with 
chronic recurrent cardiac ischemia are characterized poorly. 
cmVEGF-null mice represent a viable murine model of myo- 
cardial contractile dysfunction associated with hypovascularity 
and induction of ischemic markers in the absence of myocardial 
necrosis. Thus, these mice may prove a valuable model system for 
studying the molecular events associated with chronic myocar- 
dial ischemia. 

cmVEGF-null hearts demonstrate a blunted contractile re- 
sponse to increasing levels of j3-adrenergic stimulation. The 
mechanism of this response is unclear, and may reflect either 
impaired /3-adrenergic responsiveness or a reduced contractile 
reserve. Alterations in the j3-adrenergic receptor-adenylate 
cyclase system have been documented during myocardial isch- 
emia/hypoxia, and it is possible that ischemia in cmVEGF-null 
hearts has altered dobutamine responsiveness by such mecha- 
nisms (27). Conversely, the blunted dobutamine response may be 
caused by myocardial ischemia in the hypovascular cmVEGF- 
null hearts at the higher workloads induced by ^-adrenergic 
stimulation. cmVEGF-null hearts do exhibit an increase in 
ejection fraction with dobutamine despite the blunted response 
in contractility. This response may be explained by the vasodi- 
lating effects of dobutamine on the peripheral vasculature 
resulting in a significant reduction in cardiac afterload. 

The possibility also should be considered that the contractile 
dysfunction of these cmVEGF-null adult hearts is an inevitable 
consequence of abnormal embryonic cardiac development and 
postnatal cardiac growth (28). These thin-walled and dilated 
hearts may be at a mechanical disadvantage based primarily on 
their morphology, irrespective of an active ischemic process. 
Further, on the basis of the LaPlace relationship, a thin-walled 
dilated cardiac morphology can increase ventricular wall stress 
and myocardial oxygen demand, thus potentiating any tendency 
toward ischemia resulting from hypovascularization (29). In this 
manner, early cardiac development may define adult heart 
function. 

In addition to the induction of hypoxia-inducible genes noted 
above, gene-expression profiling by real-time RT-PCR revealed 
several interesting findings and trends that provide insight into 
the coordinated expression of cytokines and receptors in the 
heart. The absence of a compensatory increase in VEGFs B and 
C, and indeed a significant decrease in VEGF family member 
placental growth factor in the cmVEGF-null hearts despite 
hypovascularity and cardiac dysfunction, suggests that control of 
these genes is complex. The increase in angiopoietin (Ang)-3 
expression is also interesting and may relate to findings that 
Ang-3 expression is down-regulated in response to VEGF (30). 
Transforming growth factor /3 has been reported to be hypoxia/ 
ischemia responsive, a possible explanation for the increase in 
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this gene in the cmVEGF-null hearts (31). Reductions in Tie-1, 
Flk-1, and Flt-4 expression likely reflect the decrease in endo- 
thelial cells in cmVEGF-null hearts. The decrease in Flk-1 
expression may also reflect loss of positive up-regulation by 
VEGF (32). 

The cmVEGF-null phenotype is less severe than that of the 
global VEGF deletion. Global heterozygous and homozygous 
VEGF KO embryos die during midgestation (^E9.5-E10.5) and 
have extensive cardiovascular defects (18, 33). The dorsal aortae 
are diminished markedly or are absent, and heart development 
is abnormal with lack of cardiomyoblast differentiation. Con- 
versely, the aorta and coronary macrovasculature are normal in 
the cmVEGF-null mice, and apart from a reduced number of 
microvessels, we observed no significant histologic abnormalities 
in the myocardium at El 3. 5 or adulthood. Further, the heterozy- 
gotes seem entirely normal. One explanation is that secretion of 
VEGF by nonmyocytes in the cardiac anlage can partially rescue 
cardiac development. Another is that failure of normal cardiac 
development in the global KO is secondary to other develop- 
mental defects that are not present in the cmVEGF-null mice, 
such as abnormal development of the aorta. 

The general aim of this study was to investigate the role of 
cardiomyocytes as mediators of paracrine signaling in the heart. 
The specific focus was delineation of the role of cardiomyocyte- 
derived VEGF in coronary vascular development and in deter- 
mination of adult heart function. Previous studies of noncondi- 
tional global VEGF or VEGF isoform gene deletions have 
demonstrated embryonic and early postnatal mortality associ- 
ated with severe cardiac abnormalities and abnormal vascular- 
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ization of other organs; thus establishing that systemic VEGF 
expression is essential and that VEGF isoform function is not 
equivalent (18, 33, 34). These systemic KO approaches do not 
address the specific role of VEGF expression in the heart or the 
relative importance of the cardiac myocyte in the secretion of 
this molecule. Furthermore, it is unclear whether cardiac ab- 
normalities noted in these studies are primary or secondary to 
systemic developmental effects of global VEGF gene deletion. 
Conversely, the data presented here provide definitive evidence 
of the critical importance of cardiomyocyte-derived VEGF, 
establish an essential role for the cardiac myocyte as a secretory 
cell, and demonstrate that a cardiac-specific genetic alteration 
can have systemic effects — as exemplified by the lower body 
weights of the cm VEGF mice. Further, we have established a 
viable mouse model of cardiac hypovascularity with contractile 
dysfunction and evidence of ischemia. This model may prove 
useful to study the effects of angiogenic growth factors in the 
heart, and to study the molecular mechanisms associated with 
ischemic contractile dysfunction. Similar conditional gene- 
targeting approaches may also facilitate further study of para- 
crine pathways and myocyte to nonmyocyte communication in 
the heart. 
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